In rat spinotrapezius muscle, chronic heart failure (CHF) speeds microvascular O 2 pressure ( pO 2 ; index of O 2 delivery-to-O 2 uptake) dynamics across the rest -contractions transition [Cardiovasc. Res. 56 (2002) 479]. Due to the mosaic nature of this muscle, the effect of CHF on microvascular pO 2 dynamics in different fiber types remains unclear. Objective: Based upon derangements of endothelial function and blood flow responses, we hypothesized that CHF would speed microvascular pO 2 dynamics (reduced O 2 delivery-to-O 2 uptake ratio) in type I muscle (soleus, f 84% type I), but not in type II muscle (peroneal, f 86% type II [J. Appl. Physiol. 80 (1996) 261]). Methods: Using phosphorescence quenching, microvascular pO 2 was measured at rest and across the rest -contractions transition (1 Hz) in soleus and peroneal of non-infarcted control (control; n = 7), and Sprague -Dawley rats with moderate (moderate; elevated left ventricular end-diastolic pressure (LVEDP) 10 F 2 mm Hg; n = 10) and severe (severe; LVEDP 28 F 4 mm Hg; n = 5) CHF. Results: The microvascular pO 2 mean response time (time delay + time constant) was progressively speeded with increasing severity of CHF in soleus (control, 38.7 F 2.0; moderate, 29.1 F 1.5; severe, 22.5 F 3.9 s; P V 0.05), but not in peroneal (control = moderate = severe). Conclusion: As type I fibers are recruited predominately for moderate intensity exercise, the more rapid lowering of soleus microvascular pO 2 in CHF would reduce the blood-muscle O 2 driving gradient, exacerbate phosphocreatine and glycogen breakdown, and provide a mechanism for slowed O 2 uptake kinetics and premature fatigue in CHF.
Introduction
The dynamics of pulmonary O 2 uptake in response to exercise are slowed in patients with chronic heart failure (CHF) vs. their healthy counterparts [1, 2] , contributing to premature fatigue. In addition, when a CHF patient undergoes heart transplantation (and cardiac output is improved), pulmonary O 2 uptake kinetics are not accelerated [3] , indicating an impairment in muscle metabolism. Indeed, in rat spinotrapezius muscle, the ability to match O 2 delivery to O 2 uptake (measured via microvascular pO 2 ) is altered in rats with CHF vs. healthy controls across the rest -contractions transient [4] . Moreover, the precipitous drop in spinotrapezius microvascular pO 2 at stimulation onset observed in moderate heart failure lowers the O 2 pressure head that facilitates blood -myocyte O 2 diffusion and provides a mechanistic explanation for the increased phosphocreatine breakdown demonstrated in CHF [5] . Unfortunately, due to the mosaic nature of the spinotrapezius (i.e., fiber type distribution f 33% I, IIa and IIb [6] ), differences in microvascular pO 2 dynamics due to fiber type in CHF could not be elucidated in that investigation (i.e., Ref. [5] ) and therefore remain unclear.
CHF elicits gross deficiencies in endothelial function (e.g., decreased vasoreactivity to endothelium-dependent vasodilators (e.g., acetylcholine [7] [8] [9] ). In addition, as arterioles isolated from type I (slow-twitch) vs. type II (fast-twitch) muscle show greater sensitivity and maximal responsiveness to endothelium-dependent compounds (i.e., acetylcholine [10 -12] ), the deleterious effects of CHF would be expected to have a greater impact on endothelial function (and by inference regulation of O 2 delivery) in type I vs. type II muscle. Indeed, in response to treadmill exercise, blood flow was reduced to the soleus (type I) but not changed in the peroneal (type II) muscle in rats with both moderate and severe CHF compared to control [13] . Moreover, the regional flow capacity (i.e., perfusion pressure -flow relationship) was reduced in soleus but remained unchanged in peroneal from rats with CHF compared to control animals [14] . These findings suggest that, in the CHF condition, the soleus has a reduced ability to match O 2 delivery to O 2 uptake with CHF (at least during steady-state exercise [13] ) compared to the peroneal.
To investigate the effect of CHF on O 2 exchange dynamics in muscles of contrasting fiber type we measured microvascular pO 2 dynamics across the rest -contractions transition in the soleus (f 84% type I fibers) and peroneal (f 86% type II [6] ) of non-infarcted control, and rats with moderate and severe CHF. More specifically, based upon demonstrated endothelial dysfunction [8, 9] and blood flow responses [13] present in CHF, the following hypotheses were tested: (1) soleus would exhibit progressively faster microvascular pO 2 dynamics (i.e., accelerated decline in microvascular pO 2 due to decreased O 2 delivery to O 2 uptake ratio) with increasing severity of CHF and (2) microvascular pO 2 dynamics would not be altered in the peroneal from CHF vs. control animals. As type I fibers are heavily recruited in low-to-moderate intensity exercise [6, 15] , if more rapid microvascular pO 2 kinetics are present in the soleus in CHF, the transiently reduced blood-tissue O 2 pressure gradient would exacerbate phosphocreatine and glycogen breakdown [16] , providing a mechanistic explanation for the slowed pulmonary O 2 uptake kinetics observed in CHF.
Methods

Myocardial infarction procedures
Mature (i.e., f 6 months old) male Sprague -Dawley rats underwent myocardial infarction procedures as described previously [17] . Briefly, rats were anaesthetized with a 5% isoflurane/O 2 mixture, intubated and connected to a rodent respirator (Harvard Model 680) and maintained on a 2% isoflurane/O 2 mixture. A left thoracotomy was performed between the fifth and sixth ribs (f 1.5 cm in length) to expose the heart. The pericardial sac was opened and the heart was exteriorized. A 6-O suture was used to encircle and ligate the left main coronary artery approximately 2-4 mm distal to its origin. The lungs were hyperinflated and the ribs approximated with 3-O gut. The muscles of the thorax were sewn together with 4-O gut and the skin incision closed with 3-O silk. The opportunity for infection was reduced by the administration of antibiotics (Ampicillan, 200 mg/kg). Anesthesia was withdrawn and the rats were extubated and monitored for 8 -12 h post-operation. As no differences have been observed between control (non-infarcted) and shamoperated animals [18] , we chose to use non-infarcted animals as our control group (control; n = 7). All procedures were approved by the Kansas State University Institutional Animal Care and Use Committee (IACUC) in accordance with National Institutes of Health (NIH) guidelines.
Experimental protocol
Six to ten weeks after myocardial infarction procedures, the rats were anesthetized with pentobarbital sodium (30 mg/kg i.p., supplemented as needed). A 2-French cathetertip pressure manometer (Millar Instruments) was used to cannulate the right carotid artery. The manometer was advanced into the left ventricle in a retrograde fashion to measure left ventricular end-diastolic pressure (LVEDP) and the rate of pressure change within the chamber (LV dP/dt). Subsequently, the manometer was replaced with a fluidfilled catheter (PE-50) to monitor arterial blood pressure for the duration of the experiment (Digi-Med BPA Model 200). This fluid-filled catheter was used for the administration of additional anesthesia and sampling of arterial blood as well as infusion of the phosphorescent probe. Rectal temperature was monitored and maintained at 37 jC with a heating pad.
Upon completion of the experiment, each rat was killed with an overdose of anesthesia (pentobarbitol sodium) administered via carotid artery catheter. The thorax was opened and the lungs and heart were excised. The right ventricle (RV) was separated from the left ventricle and all tissues were weighed and normalized to the body weight of each animal.
Surgical preparation for microvascular pO 2 measurement
A lateral incision (frontal plane) of the skin and overlying fascia was made to expose the tibialis anterior and biceps femoris of the left hindlimb. Subsequently, the distal portion of the biceps femoris was reflected (3-O silk suture) to expose the soleus and peroneal muscles. Platinum wire electrodes were attached (6-O suture) to the proximal (cathode) and distal (anode) regions of each muscle in order to elicit bipolar muscle stimulation. The foot was stabilized (adhesive tape) to minimize leg movement during electrical stimulation. The exposed tissues, which were not contracted, were protected with Saran Wrap (Dow, Indianapolis, IN). The soleus and peroneal were superfused with a Krebs-Henseleit bicarbonate buffered solution equilibrated with 5% CO 2 /95% N 2 at 38 jC.
Protocol
The phosphorescent probe palladium meso-tetra(4-carboxyphenyl)porphyrin dendrimer (R2) was infused at 15 mg/kg via the arterial cannula approximately 15 min before the first stimulation period. Following a 10 -15-min post-surgery stabilization period, twitch muscle contractions (2 -4 V, 2 ms pulse duration) were elicited in either the soleus or peroneal muscle (random order) at 1-Hz frequency for 3 min using a Grass S88 stimulator (Quincy, MA). After the 3-min stimulation period, there was a stimulation-free recovery period for both muscles of 30 min. Subsequently, the non-stimulated muscle during the first period was contracted (stimulation parameters held constant). Microvascular pO 2 was determined at 2-s intervals across the rest -contractions transient for both muscles. Blood samples were taken immediately upon completion of the final stimulation period.
Microvascular pO 2 measurement
The oxygen dependence of the probe phosphorescence can be described quantitatively through the Stern -Volmer relationship [19] . Microvascular pO 2 was determined using a PMOD 1000 Frequency Domain Phosphorometer (Oxygen Enterprises, Philadelphia, PA) with the common end of the bifurcated light guide placed f 2 -3 mm above the medial region of the peroneal or soleus. The PMOD 1000 uses a sinusoidal modulation of the excitation light (524 nm) at frequencies between 100 Hz and 20 kHz, which allows phosphorescence lifetime measurements from 10 s to f 2.5 ms. In the frequency mode (i.e., excitation light modulated at a designated frequency 524 nm), 10 scans totaling 100 ms were used to acquire the resultant lifetime of the phosphorescence (at 700 nm) and repeated every 2 s [20] . The phosphorescence lifetime was obtained by taking the logarithm of the intensity values at each time point and fitting the linearized decay to a straight line by the leastsquares method [21] .
The R2 phosphorescent probe is bound to albumin in the blood and is negatively charged which restricts it to the vascular compartment (i.e., principally the capillary bed) within skeletal muscle. The probe is assumed to be uniformly distributed in the blood plasma and provides a signal corresponding to the volume-averaged O 2 pressure within the capillary blood. Microvascular pO 2 values were curve-fit to a mono-exponential plus delay model [22] using an iterative least-squares technique by means of a commercial graphing/analysis package (KaleidaGraph 3.5). For the KaleidaGraph analysis program, a user-defined function to the data was fit using the equation as follows:
where pO 2(t) is the microvascular pO 2 at time t, pO 2(b) is baseline microvascular pO 2 , DpO 2(ss) is the change in microvascular pO 2 from baseline to the steady-state contracting value, TD is the time delay and s is the time constant of the response. The same model was applied to microvascular pO 2 responses from both muscle stimulation periods. In addition, the overall time taken to reach 63% of the final response (T 63 ) was measured directly from the response to provide an indication of the time course of microvascular pO 2 change independent of any modeling procedure. From the mathematical modeling results the mean response time (MRT; time delay + time constant) and microvascular pO 2 rate of fall (k r pO 2 ; DpO 2 /spO 2 ) were calculated.
Citrate synthase activity
Citrate synthase activity, a mitochondrial enzyme and marker of muscle oxidative potential, was measured in duplicate from soleus and peroneal muscle homogenates according to the method of Srere [23] . Citrate synthase activity, expressed as micromoles per minute per gram wet weight, was measured spectrophotometrically (Spectramax 190 Molecular Devices plate reader) in 300-Al aliquots mixtures at 30 jC.
Animal groupings and statistical analysis
Rats with a myocardial infarction were categorized further into moderate (moderate) or severe (severe) CHF groups based on lung congestion (lung weight to body weight ratio: LW/BW) and right ventricular hypertrophy (RV to body weight ratio: RV/BW) prior to analysis of microvascular pO 2 profiles. Rats with a LW/BW and RV/ BW greater than 4 standard deviations (S.D.) above the mean for control were placed in the severe CHF group, while the remaining myocardial infarcted rats were placed in the moderate CHF group. Microvascular pO 2 values during resting and steady-state contractions (e.g., baseline and delta), modeling-dependent (e.g., TD, H , MRT) andindependent (e.g., T 63 ) results were analyzed by a twoway analysis of variance (ANOVA). In addition, a reanalysis of the data from Hirai et al. [24] for the change (delta) in blood flow and conductance with L-NAME administration to the soleus and peroneal muscles in Sham operated and rats with small and large MI's data was performed using a two-way analysis of variance. When a significant F-value was demonstrated by the ANOVA, a Student -Newman -Keul (SNK) procedure was performed to determine differences among mean values. The s of the microvascular pO 2 response for the soleus and peroneal was regressed against RV/BW using linear regression analysis. Statistical significance was accepted at P < 0.05.
Results
Indices of heart failure
Of the 15 animals that received the myocardial infarction surgery, 5 were placed in the severe CHF category (severe) based upon the predetermined criteria (i.e., LW/BW and RV/ BW product greater than 4 standard deviations from mean Note the progressively faster microvascular pO 2 response (shorter time delay and more rapid drop in microvascular pO 2 ) with the increasing severity of heart failure in the soleus, which is not apparent for peroneal muscle (see Fig. 1 ). Solid lines are microvascular pO 2 response to contractions, whereas the dashed lines are model fits to the microvascular pO 2 response.
of control). Thus, data are presented from 7 control, 10 rats with moderate (moderate) CHF and 5 rats with severe CHF. LVEDP was elevated significantly in both myocardial infarction groups (Table 1 ) compared to control. In addition, LVEDP was higher in severe CHF (28 F 4 mm Hg) compared to moderate (10 F 2 mm Hg; P < 0.05). There were no differences in LW/BW and RV/BW between moderate CHF and control. However, both LW/BW and RV/BW were significantly elevated for severe CHF vs. both moderate CHF and control (Table 1) . No differences were observed between the three groups for body weight or arterial blood gases (Table 1 ). Citrate synthase activity was reduced only in the severe group vs. control in both muscles ( Table 2 ).
Microvascular pO 2
The delay followed by a single exponential provided an excellent fit to the microvascular pO 2 data from all groups as demonstrated by the high coefficient of determination (i.e., r 2 -value, z 0.98) and low sum of squared residuals (i.e., v 2 < 20; Table 2 ) as well as visual inspection ( Figs. 1  and 2 ). In addition, there were no differences between the MRT (model-dependent) and T 63 (model-independent), thereby providing confidence that the computer modeling accurately described the observed response. Table 2 ). No differences were observed in the baseline or delta (D) microvascular pO 2 between control, moderate and severe CHF groups in the peroneal (Table 2 ). In addition, there was no significant difference in any of the peroneal microvascular pO 2 kinetic variables (i.e., TD, s, MRT, k r pO 2 ) in either CHF group vs. control (Figs. 1, 3 and 4; Table 2 ).
Peroneal
Soleus
In contrast to the peroneal, CHF evoked a profound effect in the microvascular pO 2 response of the soleus (Fig. 2) . Specifically, compared with control, the baseline non-contracting microvascular pO 2 was reduced (f 17%, P < 0.05) and the TD shortened (f 42%, P < 0.05; Table 2 ) in the severe group. Moreover, the TD of the severe soleus group (f 9 s) was sufficiently shortened from control soleus that it was not different from that observed in any of the peroneal groups (Table 2 ). In addition, the s microvascular pO 2 was significantly faster in both moderate (16.7 F 1.3 s) and severe CHF (13.8 F 1.1 s) compared to control (23.6 F 2.0 s, P V 0.05; Fig. 3 and Table 2 ). The MRT (TD + s) was progressively shortened in moderate and severe vs. control (i.e., MRT control>moderate>severe; Fig. 4 and Table 2 ). In addition, the soleus microvascular pO 2 s was significantly correlated ( P < 0.05) with the severity of CHF (RV/BW) as shown in Fig. 5 . In contrast, no correlation was observed for H microvascular pO 2 vs. RV/BW in peroneal ( P > 0.1).
Discussion
The present investigation examined the effect of CHF on the O 2 exchange characteristics (via microvascular pO 2 ) in two muscles of contrasting fiber types across the restcontractions transition. The principal novel findings of the present investigation include: (1) CHF did not significantly alter the microvascular pO 2 profile in the peroneal muscle ( (Fig. 1); and 2 ) in the soleus, CHF elicited an accelerated microvascular pO 2 decline with both a shorter time delay and mean response time (i.e., MRT control>moderate>se-vere; Table 2 and Figs. 2-4) . The more precipitous microvascular pO 2 decline in CHF vs. control soleus implies a compromised ability to match O 2 delivery to demand across the rest -contractions transition in this muscle. In contrast, the O 2 delivery to O 2 uptake relationship was not discernibly altered by CHF in the peroneal. These findings are consistent with a reduced O 2 delivery response in soleus concomitant with an unchanged O 2 delivery response in the peroneal at the onset of contractions in rats with CHF vs. their healthy counterparts [13] . In addition, the temporarily reduced blood-tissue O 2 pressure head observed across the transition in soleus from animals with moderate and severe CHF is expected to exacerbate phosphocreatine breakdown [16] , thereby potentially contributing to the premature fatigue observed in CHF.
Plasticity of microvascular pO 2 dynamics in heart failure
In accordance with Fick's Law, microvascular pO 2 is determined by the spatial and temporal relationship between muscle O 2 delivery and O 2 uptake (for a detailed analysis, see Ref. [22] ). In healthy muscle, the dynamics of O 2 delivery are such that, across the rest -contractions transition, O 2 delivery does not limit muscle O 2 uptake kinetics [21, 25] . In contrast, Diederich et al. [4] have demonstrated, in rat spinotrapezius with moderate CHF, that the speed at which O 2 delivery increases is relatively sluggish compared to that of muscle O 2 uptake. This sluggish O 2 delivery response results in a more rapid microvascular pO 2 decline across the rest -exercise transition in moderate CHF muscle vs. control. However, as the spinotrapezius is comprised of both types I and II fibers [6] , it was not possible to make inferences regarding the effect of CHF on microvascular pO 2 kinetics within specific muscle fiber types. In the present investigation, the effect of moderate CHF on the soleus produced microvascular pO 2 profiles very similar to that observed in the spinotrapezius of moderate CHF animals (i.e., faster microvascular pO 2 kinetics with CHF vs. control). Accordingly in the soleus, similar conclusions can be made for perturbations in the O 2 delivery to O 2 uptake relationship as that shown for the spinotrapezius, i.e., that O 2 delivery dynamics in the soleus with CHF are slowed compared to that of muscle O 2 uptake. In contrast, the CHF condition did not induce alterations in the microvascular pO 2 and by inference the O 2 delivery to O 2 uptake relationship in the peroneal. These findings are consistent with deficits found in soleus muscle blood flow [13] and vascular transport capacity [14] in CHF which are absent in peroneal (this issue is dealt with directly in the following section). CHF reduced citrate synthase activity in both the peroneal and soleus with severe CHF rats. Therefore, in the severe peroneal group, the unchanged microvascular pO 2 profile compared with control suggests that any slowing of O 2 delivery was matched to that of O 2 uptake i.e., a parallel down regulation of vascular function and mitochondrial oxidative capacity (as expected from the reduced citrate synthase activity).
O 2 delivery to O 2 uptake relationship in soleus and peroneal
In healthy skeletal muscle, the mechanisms which act to elevate blood flow in response to contractions differ substantially between muscles comprised of mainly slow vs. fast-twitch fibers [26] . Briefly, arterioles isolated from slowtwitch (soleus) vs. fast-twitch (gastrocnemius) muscles exhibit a greater vascular response (i.e., sensitivity) to endothelium-dependent vasoactive mediators (e.g., acetylcholine [10 -12] ). Conversely, arterioles from fast-twitch muscle demonstrate a greater endothelium-independent vascular response vs. those from slow-twitch fibers [10, 12] . Moreover, McAllister [27] has demonstrated that, in re- Fig. 6 . Change in blood flow from control (i.e., no inhibition of nitric oxide synthase) to that after administration of L-NAME in the soleus and peroneal. *P < 0.05 vs. soleus. C P < 0.05 vs. sham. Data reanalyzed from Hirai et al. [24] . MI rats divided into groups with a small (< 35%) or large (>35% of left ventricular endocardial circumference infarcted) myocardial infarction.
sponse to acetylcholine, the soleus exhibits a significant increase in vascular conductance (double control values), whereas no change is observed in the peroneal.
These varying vascular control mechanisms culminate in distinct microvascular pO 2 profile in the soleus and peroneal (Figs. 1 and 2, control) . We believe, based upon the similar oxidative capacity of these two muscles, that the faster microvascular pO 2 dynamics in healthy peroneal results predominantly from different muscle blood flow dynamics (slower O 2 delivery dynamics in peroneal vs. soleus) rather than an altered muscle O 2 uptake profile [28] . Accordingly, the endothelial dysfunction (i.e., decreased sensitivity) induced by CHF (canine [29] , hamster [30] , rat [9] , human [7] ) would be expected to impact muscle blood flow dynamics in slow-twitch muscles to a greater extent than occurs in fasttwitch muscle. To address this specific issue, we have reanalyzed the data of Hirai et al. [24] for the soleus and peroneal muscles (Figs. 6 and 7) . The Hirai et al. study determined the effects of L-NAME infusion on muscle blood flow and vascular conductance in CHF rats running at 20 m/ min (10% grade). Regarding the impact of CHF on NOinduced vasodilation, the reduction in blood flow (Fig. 6 ) and vascular conductance (Fig. 7) under L-NAME conditions was significantly decreased in soleus with moderate and severe CHF. These reductions were two-to three-fold greater ( P < 0.05) than seen in the peroneal. Unlike in the soleus in moderate CHF, the effect of L-NAME was not significantly reduced for either blood flow or vascular conductance in peroneal. Indeed, the only effect of CHF in peroneal muscle was a modest, though significant, reduction in the magnitude of the L-NAME-induced blood flow decrease seen in the severe CHF condition. Therefore, inasmuch as shear-stress mediated release of nitric oxide is considered to represent a principal contributor to the exercise hyperemic response [31] , it is not surprising that the soleus demonstrates a reduced O 2 delivery to O 2 uptake ratio (i.e., faster microvascular pO 2 dynamics) that becomes more extreme with increasing severity of heart failure (Figs. 2, 4 and 5 ). This effect likely results, at least in part, from the decreased bioavailability of nitric oxide in CHF [32] .
Mechanistic interpretation
In rat hindlimb musculature during electrical stimulation, there are greater perturbations of the phosphocreatine/(phosphocreatine + inorganic phosphate) ratio of CHF compared with control animals [5] . Unfortunately, it was not possible to discern contributions of individual fiber types to the increased phosphocreatine breakdown in that investigation [5] as the gastrocnemius -soleus -plantaris complex was sampled in total. The lower microvascular pO 2 observed at all points (after time delay) in moderate and severe soleus vs. control across the rest -contractions transition provides a mechanistic basis for the greater perturbation of the intracellular milieu (e.g., decreased phosphocreatine and phosphocreatine/(phosphocreatine + inorganic phosphate) ratio and increased glycogen breakdown) in slow twitch muscle in CHF. Indeed, this response is expected based upon findings in isolated mitochondria [16] and intact human muscles [33] under conditions of reduced pO 2 . In this regard, the still faster microvascular pO 2 dynamics in severe CHF soleus compared to moderate CHF soleus (Figs. 2 and  4) is consistent with the greater perturbations in the phosphocreatine/(phosphocreatine + inorganic phosphate) relationship that Arnolda et al. [5] demonstrated in rats with larger compared to smaller myocardial infarctions. Therefore, the reduced microvascular O 2 pressure head in the soleus in CHF (and resultant increased phosphocreatine breakdown [16, 33] ) provides one potential mechanism for the slowed pulmonary VO 2 uptake kinetics in heart failure patients, although additional studies in humans are necessary to confirm this finding.
Conclusions
Chronic heart failure induces a precipitous drop in the microvascular pO 2 of the soleus (type I fibers) following the onset of contractions, and the magnitude of this effect is correlated significantly with the degree of left ventricular dysfunction present as assessed by increased LW/BW and RV/BW. In contrast, no speeding of microvascular pO 2 kinetics with heart failure occurs in the peroneal (type II fibers). The findings of the current investigation are consistent with a reduced bulk blood flow [13] and vascular transport capacity [14] , which are manifested at the onset of contractions in the soleus in CHF, but not in the peroneal. data collection. This work was supported, in part, by grants from the National Institutes of Health (NIH Grants HLBI-50306 and AG-19228) and the American Heart Association (AHA-Heartland Affiliate 51321Z).
